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536a Tuesday, February 18, 2014Voltage- and Ca2þ-gated, large conductance Kþ (BK) channels are ubiqui-
tously expressed and play a key role in linking membrane excitability to
Ca2þ signaling. In most tissues, BK channel complexes consist of channel-
forming a and regulatory b subunits. Each b contains short intracellular N-
and C-termini, and two transmembrane domains (TM1, TM2) joined by an
extracellular loop. The smooth muscle-abundant BK b1 increases the channel’s
apparent Ca2þ sensitivity and is required for channel activation by cholane ste-
roids (Brenner et al., 2000; Bukiya et al., 2009). The participation of different
b1 regions in regulating channel function has not been fully settled. Here, we
used BK channel-forming cbv1 and b1 subunits cloned from rat cerebral artery
myocytes, neuron-abundant b4, and chimeras constructed by swapping regions
between b1 and b4 to determine the contribution of specific b1 regions to the
b1-containing BK phenotype. After co-expressing cbv1 with wt bs or chimeric
bs in Xenopus oocytes, macroscopic currents were evoked by 200 ms-long, 10
mV depolarizing steps from 150 to þ150 mV (VH=-80 mV). At Ca2þ levels
found near the BK channel during smooth muscle cell contraction (10 mM),
channel complexes that included chimeras combining both TMs from b1
with remaining regions (EC loop, IC ends) from b4 showed a phenotype (Vhalf,
tact, tdeact) identical to that of channel complexes containing wt b1. However,
this phenotype could not be evoked by channel complexes that included
chimeras combining either b1 TM1 or b1 TM2 with the remaining b4 regions
(TM2-EC loop-IC ends and TM1-EC loop-IC ends, respectively). We conclude
that at physiological voltages and Ca2þ, both TMs from b1 are necessary to
confer the characteristic current phenotype of b1-containing BK channels.
Support: R37-AA11560, R01-HL10463 (AMD).
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Phosphorylation of a Constitutive Serine (S642) in BK Channel Variants
Containing the Alternate Exon ‘SRKR’ Alters Current Properties
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Kcnma1, the gene encoding the pore forming subunit of the BK Ca2þ-activated
Kþ channel, undergoes extensive alternative splicing across tissues, tuning BK
current properties. Phosphorylation and b subunit association further contribute
to diverse BK current properties, but the interplay of these mechanisms have not
been well-investigated in BK variants cloned from native tissues. We used RT-
PCR to identify two Kcnma1 splice variants in the mouse suprachiasmatic
nucleus (BK0 and BKSRKR). Both variants contain an alternate translation start
(MANG) compared to the canonical start (MDAL), no insert at splice site 2
(STREX), an insert at site 3 (near the Ca2þ bowl), as well as an alternate
C-terminus (VYR). However, they differ at splice site 1, containing a four amino
acid SRKR alternate exon located near the end of the RCK1 domain. Voltage-
clamp recordings from the variants expressed in HEK293 cells revealed that
BKSRKR channels produced BK currents with distinct properties from the insert-
less BK0 variant, with significantly right-shifted G-Vs, slower activation, and
faster deactivation kinetics at 0, 1, and 100 mM Ca2þ. Co-expression of the
b4 subunit enhanced these differences in a Ca2þ-dependent manner. Inclusion
of SRKR resulted in two predicted phosphorylation sites in BKSRKR, S642 (a
constitutive residue present in both variants) and S644 (within the SRKR
exon). Alkaline phosphatase treatment and mutations at both positions revealed
that phosphorylation of S642 is both necessary and sufficient to produce the
observed differences between BK0 and BKSRKR current properties. These data
demonstrate that phosphorylation of S642 underlies the differences in current
properties between BKSRKR and BK0, and suggests the alternate exon SRKR
serves to enhance S642 phosphorylation in native tissues.
2713-Pos Board B405
Uncovering MitobkCa Channel Mitochondrial Translocation Mechanisms
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The mitochondrial large-conductance Ca2þ-activated Kþ channel (mitoBKCa)
of adult cardiomyocytes is encoded by the Kcnma1 gene and contains a C-ter-
minal 50 amino acid insert (DEC) essential for mitoBKCa targeting. We tested
the hypothesis that DEC may bind to the mitochondrial protein import system.
To this end, we used recombinant GST-DEC and GST as baits to immunopre-
cipitate proteins using mitochondrial lysates from ventriculocytes (8 rats/exper-
iment, n=3). Mitochondrial proteins bound to GST-DEC and GST (control)
were analyzed using 1-D in gel electrophoresis and LC-MS/MS. After subtract-
ing GST-bound proteins from those binding to GST-DEC, we found that DEC
peptide interacts with more than 200 different mitochondrial proteins with
scores >21. These include components of the outer membrane TOM complex,
TOM70 (2 peptides, n=1), TOM22 (1 peptide, n=2), and TOM40 (2 peptides,
n=1); of the inner membrane TIM23-PAM complex, GrpE (4 peptides, n=1);and matrix proteins involved in folding, Hsp60 (6 peptides, n=1) and "import
signal" cleavage, MPP (mitochondria processing peptidase) subunits A (6 pep-
tides, n=1) and B (6 peptides, n=1). Interestingly, DEC also interacted with
SAM50 (10 peptides, n=2), a component of the outer membrane insertion ma-
chinery. The results suggest that BKCa-DECmay use a novel import pathway as
DEC associated with TOM70 and TIM23-PAM, which differs from the estab-
lished TOM70/TIM22 and TOM20/TIM23-PAM pathways. In the new
TOM70/TIM23-PAM pathway, BKCa-DEC would be translocated across
the outer and inner membranes reaching the matrix where BKCa-DEC would
be processed by MMP and correctly folded by Hsp60 for its final insertion to
the inner membrane. Since MMP is known to be a cleavage signal peptidase,
the results also indicate that DEC might serve as a cleavable C-terminal target-
ing signal. The unexpected finding of SAM50 association with DEC, suggests
that BKCa-DEC could also be targeted to the mitochondrial outer membrane.
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The large conductance voltage and calcium-activated potassium (MaxiK) chan-
nel, a key modulator of vascular tone, interacts with several types of proteins
(e.g. regulatory subunits, G-protein coupled receptors, signaling kinases). In
this study, we searched for MaxiK channel partners in human coronary artery
using a proteomic approach. A MaxiK polyclonal antibody and 3 coronary
arteries from explanted hearts were used to immunoprecipitate MaxiK. IgG
was used as negative control. Immunoprecipitated proteins were separated by
1-D SDS-PAGE; subsequently, gel bands were excised for trypsin digestion
and LC/MS/MS analysis. As positive control, we searched for MaxiK peptides
and found 7 peptides (93 amino acids) fromMaxiK C-terminus. No peptides of
MaxiK were found in IgG negative controls (n=3). Various groups of intracel-
lular proteins that form complex with MaxiK channels were identified. A group
of proteins are cytoskeleton proteins, which include coronin-1A, PACN2,
tubulin beta-3 chain and beta-centractin. PACN2 plays a role in the formation
of flask-shaped caveolae at the plasma membrane and coronin-1A is involved
in cell locomotion. Another group of proteins are linked to transcription and
mRNA-splicing. These proteins are TFIID subunit 9B, DDX1, and pre-
mRNA-splicing factor SYF1. Mitochondria metabolic proteins were also
identified as MaxiK partners including ADP/ATP translocase and PCCB (Pro-
pionyl-CoA carboxylase beta chain). In addition, we found that Hsp90
co-chaperone CDC37 (CDC37), WASL and WASL-interacting protein family
member 1 (WIPF1) associate with MaxiK. These three proteins also form com-
plex with Hsp90. WASL and WIPF1 are involved in the formation of actin fila-
ment and cell motility. Hsp90 binds to WASL regulating actin polymerization.
CDC37 and Hsp90 assemble to stabilize protein kinases. In summary, proteo-
mic analysis identified intracellular proteins forming complex with MaxiK
channel and the underlying functions for these interactions need further inves-
tigation. Supported by NIH.
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Ca2þ-and-voltage-gated Kþ-channels (BK) are symmetrical complexes whose
minimal functional unit is a tetramer composed of four identical a-subunits. BK
a-subunits can coassemble with auxiliary subunits which drastically influence
channel gating. Two families of BK auxiliary subunits have been described, b
and g subunits. Up to four b-subunits can assemble with the a-subunits in a BK
channel complex, where each individual b-subunit contributes an identical
additive increment to the total b-induced gating shift. At present, the stoichiom-
etry of the assembly of a and g subunits is unknown. Here we show that, in
contrast to gating shifts produced by b-subunits, the g1-effect on BK channel
is an ’all-or-none’ type of functional regulation. The presence of a single g1
subunit in BK channels is enough to produce the full g1-induced gating shift,
although probably more than one g1 can assemble in a BK channel complex.
Our results describe an uncommon example of asymmetric functional re-
gulation of a symmetric oligomeric protein. (Supported by NRSA F32
GM103138 to VGP and GM081748 to CJL).
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Tuesday, February 18, 2014 537aBy enhancing the genetic code it is possible to incorporate unnatural amino
acids (UAA) with new properties into proteins without restrictions on the
site to incorporate the UAA. By using the Amber suppression method in Xen-
opus oocytes we have obtained high expression levels with the heterologously
expressed voltage-gated Shaker potassium channel (Kv) harboring the fluores-
cent unnatural amino acid Anap at various key regions. Anap is environmen-
tally sensitive which makes it capable of probing local conformational
changes in the channel. In contrast to the traditional post-translational fluoro-
phore labeling technique with thiol-chemistry, we are now capable of probing
dynamics on the cytosolic side aswell as within the membrane bilayer. This
opens a wide field of structural questions to be addressed since the important
dynamics usually resides inside the cell or within the membrane. Anap was
thus incorporated on each side of the S4 voltage sensor as well as on the S6
cytosolic gate. With voltage-clamp fluorometry we were able to determine
that the four voltage sensors activate independently while the pore opening oc-
curs cooperatively. Against previous models, pore opening required two coop-
erative movements. We also simultaneously labeled both ends of the voltage
sensor S4 and found that dynamics of N- and C-termini differ. The successful
use of fluorescent UAAs combined with voltage-clamp fluorometry has made it
possible to study internal dynamics in electrogenic membrane proteins and will
find widespread application in structural biology.
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Offsetting the Electric Field Sensed by KV Channels through Residue Sub-
stitutions on Top of S1
Evelyn Martinez-Morales, Alain J. Labro, Dirk J. Snyders.
University of Antwerp, Antwerp, Belgium.
Kv channel subunits consist of 6 transmembrane segments (S1-S6) whereby the
S1 through S4 segments assemble into a voltage sensing domain (VSD) that de-
tects the membrane electric field. The positively charged S4 segment forms the
main component of the VSD and undergoes the largest reorientations upon a
membrane de- or hyperpolarization, generating a transient gating current.
The S1-S3 segments surround the S4 and facilitate the latter’s movement across
the hydrophobic plasma-membrane. A positive (lysine) and negative (aspar-
tate) charge substitution scan at the extracellular end of the S1 segment in
the Shaker-type Kv1.5 channel indicated that this region is sufficiently close
to the S4 segment such that it modulates the local membrane electric field.
At positions E268, E272, F273 and E276 a charge substitution or charge intro-
duction exerted a surface charge effect and shifted the voltage dependence of
channel opening accordingly. Surprisingly, these residues, which modulated
the electric field, did not face the S4 in a predicted 3D structure of the Kv1.5
channel in the open state (homology model based on the crystal structure of
the Kv2.1/Kv1.2 chimera). This suggests that the introduced charges affect
the electrical field around the S4 segment in the closed state only. In conclu-
sion, residues at the top of the S1 segment can state-dependently offset
(polarize) the electric field sensed by the S4 segment, supporting that both seg-
ments are in close proximity. (This research was supported by fellowship
CONACyT #203936 to EMM & grant FWO-G.0449.11N to DJS.)
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Allosteric Coupling of the Inner Activation Gate to the Outer Pore of
a Potassium Channel
Chris Peters, David Fedida, Eric Accili.
UBC, Vancouver, BC, Canada.
In potassium channels, functional coupling of the inner and outer pore gates
may result from energetic interactions between residues and conformational re-
arrangements that occur along a structural path between them. Here, we show
that conservative mutations of a residue near the inner activation gate of the
Shaker potassium channel (I470) modify the rate of C-type inactivation at
the outer pore, pointing to this residue as part of a pathway that couples inner
gate opening to changes in outer pore structure and reduction of ion flow.
Because they remain equally sensitive to rises in extracellular potassium,
altered inactivation rates of the mutant channels are not secondary to modified
binding of potassium to the outer pore. Conservative mutations of I470 also in-
fluence the interaction of the Shaker N-terminus with the inner gate, keeping it
open and separately promoting re-orientation of the outer pore.
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Enhancement of C-Type Inactivation by External Ca2D and La3D
Clay M. Armstrong, Toshinori Hoshi.
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The ShB DN mutant T449A undergoes C-type inactivation after depolarization
within ~100 ms in external solutions containing 2-4 mM Ca2þ and 0 Kþ.
Raising external Ca2þ to 40 mM, reduces peak IK for a single pulse to
~ 20%, and virtually eliminates IK with steady pulsing at 0.1 Hz. The effectof Ca2þis reversible. Raising external Kþ to 5-20 mM (in 40 mM Ca2þ) largely
restores IK. How is Ca
2þ suppression and Kþ restoration of IK explained? Ca
2þ
blocks inward IK through an open channel strongly at negative voltages. We
propose that Ca2þ competes with Kþ at Site0 (just outside the selectivity filter)
where Kþ is strongly favored, but Ca2þ occupancy is enhanced at negative volt-
ages. Ca2þ occupancy of Site0 strongly reduces K
þ access to and occupancy of
Site1 (outermost site of the filter), allowing repulsion among the carbonyls of
Site1 to dilate this site, causing C-type inactivation. La
3þ has almost the
same crystal radius as Ca2þ, and is much more potent in suppressing IK:
with 10 mM La3þ externally, IK of T449A is largely eliminated (reversibly).
We postulate that trivalent La3þ has high affinity for Site0. Neither Ca
2þ nor
La3þ has strong effects on T449V, which does not exhibit C-type inactivation.
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Angelica M. Lopez-Rodriguez, Gaurav Venkataraman, Miguel Holmgren.
NINDS, NIH, Bethesda, MD, USA.
Voltage-gated Kþ channels (Kv) are tetramers, each subunit containing six
transmembrane segments (S1-S6). These segments make two functionally
and structurally independent domains: an ion conduction pore (S5,S6), and
voltage-sensor domains (S1-S4). Like many transmembrane proteins, Kv chan-
nels undergo extensive posttranslational modifications, with a significant per-
centage of the mature protein mass being composed of glycan moieties.
Shaker Kv channels are glycosylated at two asparagine residues (N259 and
N263) located in the first extracellular loop. Mutating asparagine residues to
glutamine abolishes glycosylation but does not prevent cell surface expression
of functional channels. Using the same population of Shaker Kv channels, we
studied the function and toxin binding before and after deglycosylation by
PNGase F. Binding properties of Hanatoxin, GxTx and Agitoxin remained un-
altered by removing glycosylation moieties, suggesting that sugars attached to
the channels are not intimately interacting with regions of the voltage sensor
domains and the pore where these toxins bind. We also studied ionic and gating
currents, before and after deglycosylation with PNGase F. Opening kinetics
were substantially slowed down by deglycosylation, as reported previously in
many members of the Kv family. Total charge distribution mediated by the
voltage sensors of the non-conductive W434F mutant Shaker channels shifted
only ~3-4 mV towards positive potentials after deglycosylation. Overall our
data provides direct proof to understand how glycosylation contributes to Kv
channel function.
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Locking the Open State of a Voltage-Dependent Concatemer Potassium
Channel with Metal Bridges
Angel A. de la Cruz Landrau1, Miguel Holmgren2.
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Institute of Health, Bethesda, MD, USA.
Voltage-gated Kþ (Kv) channels are homotetramers. Each subunit is formed by
six transmembrane segments, S1 to S6. The permeation pathway is formed by
S5, the P-region and S6 from each subunit, that assemble around a central canal
through which Kþ permeate. In response to voltage changes, the voltage sensor
domain (S1-S4) undergoes conformational changes that are coupled to the
opening and closing of an intracellular gate located at the inner end of S6. It
is known, that a cysteine at position 476 in S6 (near the gate) traps the mutant
channel in the open state when Cd2þ is added to the intracellular solution. This
behavior is caused by a metal bridge between the cysteine at 476 of one subunit
and a native histidine at 486 in an adjacent subunit. We constructed a Shaker Kv
concatemer that has all 4 subunits linked at the DNA level. When all four V476
are mutated to cysteine, intracellular Cd2þ, locked the channels open as in wild-
type channels. We are presently developing concatemer channels with one, two
and three metal bridges to assess one by one their contribution to the opening of
the channels. Because the metal bridges can be disrupted by a H486Ymutation,
this approach should allow us to discern the assembly of a functional conca-
temer channel in the membrane.
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Mutations in the Cavity Affect the Rate of Slow Inactivation in Shaker KD
Channels
Tibor G. Szanto, Orsolya Szilagyi, Florina Zakany, Gyorgy Panyi.
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It has been reported earlier that the activation and inactivation gates of Shaker
channels are coupled, and this coupling might be mediated by a rotational mo-
tion of the S6 helix. We hypothese that either the electrostatics or the volume/
hydrophobicity of the side chains pointing into the cavity can affect this
coupling. Accordingly, we have introduced side-chains at position 470 in a
